The high-energy X-ray photoelectron spectroscopy was used to determine the composition and chemical structure of epitaxial LaNiO 3−x films obtained by a reactive dc magnetron sputtering. It was found that the oxide and hydroxide species of La and Ni are on the films surface. The thickness of hydroxide enriched layer, estimated from the oxide and hydroxide peak intensities, is about 2 nm.
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Introduction
LaNiO 3 is one of the few conductive oxides with a crystal structure suitable for integration in epitaxial heterostructures with perovskites of enormous technological potential such as colossal magnetoresistance materials, high-temperature superconductors, and ferroelectrics. It is known that the considerable surface segregation of elements may take place in LaNiO 3−x samples [1] . Another factor to be considered is the tendency of rare earth oxides to absorb water vapor and carbon dioxide from air, so that any ex situ exposure of these films to air will result in an uncontrolled reaction and surface stoichiometry [2] . In the previous paper [3] it was shown that even the short time (about two hours) exposure to an outside ambient leads to the formation of the hydroxide layer on the film surface.
X-ray photoelectron spectroscopy (XPS) using laboratory X-ray sources (hν < 1500 eV) is known as the surface analysis method (scanning depth ≈ 2 nm), which provides the direct information on the species relative concentration and their valence states. On the other hand, synchrotron X-rays at much higher energies are used to significantly enhance the scanning depth. In this paper we utilize the volume sensitivity of tuneable high-energy XPS to study the epitaxial LaNiO 3−x films after long time (about one year) aging in air atmosphere.
Experimental
LaNiO 3−x thin (≈ 0.1 µm) films were obtained by using a reactive DC magnetron sputtering technique. Epitaxial LaNiO 3−x films deposited onto (100)-plane oriented NdGdO 3 substrate demonstrate the excellent in-plane orientation [4] and the surface La/Ni ratio is close to the bulk stoichiometric value [3] .
The XPS data were obtained with the Tuneable High-Energy X-ray Photoelectron Spectrometer at the X-ray wiggler beam line BW2 of HASYLAB (Hamburg). The phonon flux from the Si(111) double crystal monochromator typically amounts to 5 × 10 12 s −1 on the sample. The photoelectrons were measured using a hemispherical analyzer with parallel detection capability (SCIENTA SES-200). Excitation energy hν = 3000 eV was chosen, where the kinetic energy of photoelectrons from La and Ni core levels are not overlapping any of the Auger electron emission peaks. The total energy resolution at this photon energy was 0.6 eV. The binding energy (BE) scale was calibrated using the photoemission from gold reference sample. The adventitious carbon C 1s line was used for the fine correction of the charging effects, supposing that its BE should be equal to 284.6 eV.
The films were examined at different angles to distinguish between the chemical state of lanthanum and nickel at the surface and slightly deeper into the material. Angle dependent data were obtained by rotating the sample relative to the electron analyzer, which accepts electrons in the Synchrotron Radiation orbit plane at 45
• relative to the incoming beam. The base pressure in the analyzer chamber was 5 × 10 −10 mbar.
Results and discussion
X-ray photoelectron spectra from lanthanide materials exhibit the fine structure besides the main (M ) spin-orbit split peaks. On the one hand, additional satellite (S) peaks complicate the elemental quantitative analysis, but, on the other hand, these fine structure parameters may be helpful in the identification of the chemical state of lanthanide ions.
As an example, the La 3d 5/2 region core level spectra measured at normal (Θ = 0
• ) and grazing (Θ = 89.3
• ) take-off angles are presented in Fig. 1 . The evident difference between the observed spectra obviously indicates that the Fig. 1 . XPS La 3d 5/2 core-level spectra measured at normal and grazing conditions. Points refer to the raw data. Thin solid lines represent the spectral components and the thick line is the spectra envelope. Dashed lines (below) correspond to the fitting residuals.
significant alteration of the film chemical composition takes place within a thin (scanning depth ≈ 10 nm) surface layer. Both spectra may be deconvoluted into two doublets: (M ox ; S ox ) and (M hyd ; S hyd ) corresponding to the oxide and hydroxide species, respectively. Lower energy peaks M ox and M hyd were related with the main core-level photoelectrons, while the higher energy peaks S ox and S hydwith the shake-up satellites [5, 6] .
The values of the doublet splitting (M ox − S ox ) = 4.16 eV and (M hyd − S hyd ) = 3.38 eV are in agreement with those reported for La 2 O 3 and La(OH) 3 , respectively [5] [6] [7] . The increase in M hyd /M ox peaks intensities ratio in passing from normal to grazing configuration clearly indicates that the hydroxide layer is mainly located on the film surface. The hydroxide-containing phase was located near the surface, because with increasing take-off-angle an increase in the intensity ratio R = A hyd /A ox (where A hyd and A ox are the areas of the M hyd and M ox peaks, respectively) was observed (Fig. 1) .
For the LaNiO 3−x films, the analysis of the most intensive Ni 2p 3/2 profile was complicated due to the overlapping of the Ni 2p 3/2 and La 3d 3/2 peaks - Fig. 2 . Thus, Ni 2p 3/2 core level spectra cannot be analyzed separately without La 3d 3/2 spectra analysis. To overcome these difficulties the whole La 3d 3/2 and Ni 2p 3/2 BE region was fitted using the previously obtained results (Fig. 1 ) and taking into account that the contour of the envelope spectra is identical for both La 3d 5/2 and La 3d 3/2 components [5, 6] . Thus, only two independent parameters, i.e. spin-orbit-splitting (SOS) and La 3d 5/2 /La 3d 3/2 intensities ratio (IR), describe the resulting La 3d 3/2 spectra. In spite of numerous assumptions, the procedure appears to be reasonably accurate since the estimated values of La 3d doublet SOS = 16.8 eV and La 3d 5 /La 3d 3 intensity ratio IR = 1.39 are in good agreement with data reported for La 2 O 3 and La(OH) 3 [6] .
As in the case of La 3d 5/2 line - Fig. 1 at least two kinds of nickel species with BE = 854.2 and 855.9 eV contribute to the total Ni 2p 3/2 and La 3d 3/2 spectrum (Fig. 2) at the film surface. These two phases may be attributed to the nickel in oxide (BE = 854.2 eV) and hydroxide (BE = 856.0 eV) state, respectively [8] . The excellent agreement between our obtained and reported in literature BE values once more corroborates the adequacy of the spectra fitting technique employed. Relative intensity of the peak corresponding to the hydroxide nickel species increases in passing from normal to grazing conditions, thus confirming that the hydroxide phase is located mainly on the film surface.
The analogous analysis of the La 4p 3/2 and La 4d spectra also confirms the presence of both lanthanum oxide and hydroxide species on the film surface after the long time aging. For all spectral lines in question hydroxide/oxide peaks intensity ratio R strongly depends on the geometry of the experiment (Fig. 3) , thus directly indicating that the thickness of the hydroxide enriched layer is of about few nanometers.
For a more quantitative analysis one requires a more or less reliable model of the hydroxide phase spatial distribution. Let us consider two specific cases:
(a) step distribution:
, where ρ h is the relative concentration of hydroxide species, and the relative concentration of oxide species ρ 0 = 1 − ρ h . Fig. 2 . XPS La 3d 3/2 and Ni 2p 3/2 core-level spectra measured at normal and grazing conditions. Points refer to the raw data. Thin solid lines represent the spectral components, the thick line is the spectra envelope and the thick dashed line (a bit lower) corresponds to the La 3d 3/2 spectra envelope. Dashed lines (below) correspond to the fitting residuals. Fig. 3 . Hydroxide vs. oxide peaks intensities ratio R measured at normal and grazing take-off angles and geometry factors ratio K for the "Step" and "Exponential" spatial distribution of the hydroxide species.
Then the hydroxide vs. oxide peak intensity ratio R = I h /I 0 , where
and
is the probability for a photoelectron excited at depth x to reach the surface without losing energy and be detected in Θ direction, g Θ is the geometry factor depending on the experimental conditions/configuration -take-off angle, sample roughness, etc. [9] , and λ is the inelastic mean free path (IMFP). In the kinetic energy E = (hν − BE) range 100 eV < E < 10000 eV IMFP in monolayers (MLs) may be calculated using the following semi-empirical equation [10] :
where λ is expressed in MLs and E in eV.
Then one obtains
for the step and exponential distributions, respectively. Then the thickness of hydroxide layer d and geometry factors ratio
for the step and exponential distributions, respectively. In the case of perfect mirror-like surface g Θ = 1/ cos Θ, otherwise an appropriate averaging over take-off angles is required. For the normal conditions g N = 1 or slightly higher. It is known that LaNiO 3 films have a smooth and crack-free surface with a surface roughness of about 2 nm [11] ≈ IMFP, and the scanning depth λ/g Θ at the grazing conditions may be estimated from the R N /R G ratio. It is evident from Fig. 3 and Table that in spite of great difference in BE for various spectral lines, the values of hydroxide layer thickness and geometry factors ratio estimated using Eqs. (3)-(5) are in good agreement.
Summary
Finally, it may be concluded that both lanthanum and nickel oxide and hydroxide species were found at the LaNiO 3−x film surface. The analysis of high--energy XPS spectra obtained/derived at normal and grazing conditions reveal that significant variations of oxide vs. hydroxide concentrations occur within the thin surface layer whose thickness does not exceed the XPS scanning depth even after the long time aging. The thickness of this hydroxide enriched layer was estimated from the oxide and hydroxide peak intensities ratio and taking into account that the lattice constant for LaNiO 3 ≈ 0.37 nm [12] is of about 2 nm.
